We have identified two Rhizobium meliloh genes (nodD2 and nodD3) that are highly homologous and closely linked to the regulatory gene nodD (nod!)). R. meliloti strains containing mutations in the three nodD genes in all possible combinations were constructed and their nodulation phenotypes were assayed on Medicago sativa (alfalfa) and Melilotus alba (sweet clover). A triple nodD1-nodD2-nodL3 mutant exhibited a Nod phenotype on alfalfa and sweet clover, indicating that nodD is an essential nodulation gene in R. meliloti. A nod!2 mutant exhibited no discernable defect in nodulation and nod!3 mutants exhibited a delayed nodulation phenotype of 2-3 days when inoculated onto either host. Alfalfa nodules elicited by a nod!1 mutant appeared 5-6 days after wild-type nodules, and sweet clover nodules elicited by a nod!l mutant appeared 2-3 days after wild-type nodules. nod!)-nodD2 double mutants formed nodules with the same delay as single nodD, mutants on both hosts. nodL2-nod!3 double mutants elicited sweet clover nodules at the same rate as single nod!3 mutants, but this same double mutant was slightly more delayed in alfalfa nodule formation than the nod!)3 mutant. The nod)j-nodf3 mutant exhibited an extremely delayed nodulation phenotype on alfalfa and elicited no nodules on sweet clover. These experiments indicate that nod!l and nod!3 have equivalent roles in nodulating sweet clover but that nod~l plays a more important role than nod!3 in eliciting nodules on alfalfa. The nod!2 gene appears to have some effect on alfalfa nodulation and none on sweet clover. Our results indicate that R. meliloti has three functional nod! genes that modulate the nodulation process in a host-specific manner.
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In Rhizobium meliloti, two clusters of nodulation (nod) genes involved in the early stages of symbiotic nodule formation are located on a large symbiotic plasmid (pRmeSU47a) and are closely linked to a cluster of nitrogen fixation (nif) genes (1) (2) (3) (4) . The so-called "common" nodulation genes (nodA, nodB, nodC, nodD) are conserved structurally and functionally among several Rhizobium and Bradyrhizobium species (5) (6) (7) (8) (9) . In contrast, the host-specific nodulation genes are involved in determining the range of plant hosts that a particular Rhizobium species will nodulate. For example, the R. meliloti host-specific nodulation genes (nodE, nodF, nodG, nodH) allow it to form nodules on plants of the genera Medicago, Melilotus, and Trigonella but not on Trifoliium, which is a host of Rhizobium trifoldi (2, 4) .
In Rhizobium leguminosarum, R. trifolii, and R. melioti, the nodABC genes are induced only in the presence of specific flavone exudates from the host root (11) (12) (13) (14) (15) (16) . This induction was shown to be dependent on the nodD gene in R. meliloti and R. leguminosarum (11, 13, 17) . In the case of R. leguminosarum, the host specificity genes (nodFE) are also regulated by nodD (18) and it seems likely that the same is true for other Rhizobium species as well. Mutations in the nodABC operon block nodulation in all Rhizobium and Bradyrhizobium species tested so far. Similarly, R. leguminosarum and R. trifolii strains carrying mutations in nodD are Nod-. In contrast, R. meliloti nodD mutants still elicit nodules on alfalfa, suggesting that R. meliloti has more than one functional nodD gene (5) (6) (7) 19) .
In this report, we describe, two R. meliloti nodD ("nod!)1") homologous genes ("nod!2" and "nod!3") that are closely linked to nodD,. Nodulation experiments with nodDl, nodD2, and nodD3 mutants on alfalfa and sweet clover indicate that all three nodD genes are functional and suggest that the different nodD genes have host-specific roles in the nodulation process.
MATERIALS AND METHODS Bacterial Strains, Phages, and Plasmids. Bacterial strains, phages, and plasmids used in these experiments are listed in Table 1 .
DNA Biochemistry. Isolation of total DNA from R. meliloti (24) , agarose gel electrophoresis, and radiolabeling of DNA were performed as described (25) . Southern blotting and DNA hybridization using GeneScreen or GeneScreenPlus were carried out according to the manufacturer's instructions or by substituting 0.4 M NaOH/0.6 M NaCl for 1.5 M NaCl/0.15 M sodium citrate (26) Construction of nod!2, nodD3, nodD1-nodD2, nodD1-nodD3, nod)2-nodD3, and nod! -nod 2-nodD3 Mutants. A R. meliloti nodD2 deletion/insertion mutation was constructed as follows. A 0.5-kb Xba I-Cla I restriction fragment (see Fig. 1 ) containing part of nodD2 was deleted from plasmid pNodD2.
Two Cla I sites were present in plasmid pNodD2; however, since the Cla I site that overlaps with one Pvu I site (see Fig.  1 ) was methylated by dam methylase, only one Cla I site was susceptible to digestion with Cla I. A 3.3-kb BamHI fragment *To whom reprint requests should be addressed.
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carrying the trimethoprim gene from R751 (23) was inserted following treatment of the fragments with DNA polymerase to create blunt ends. The mutated nodD2 gene was introduced into the wild-type RmlO21 genome by marker exchange (27) .
A R. melioti nod)3 mutation was constructed by using TnS mutagenesis of pNodD3 in Escherichia coli followed by marker exchange in R. meliloti (27) . Two different insertions (nodD3: :sp/g-1 and nodD3: :sp/g-2) were isolated that mapped within the 2.2-kb Cla I fragment carrying nodD3. Southern hybridization analysis indicated that both of these TnS insertions were located very close to or within nodD3 (data not shown). The two nodD3 alleles were introduced into the RmlO21 genome by marker exchange. Because the nodD) mutant already carried a TnS insertion, the TnS in the nodD3 gene was replaced by recombination with TnS-233 (gentamycin/spectinomycin) (20) , resulting in a nodD3 mutation marked by gentamycin and spectinomycin resistance.
All possible combinations of nodD mutants (RmDlD2, RmD1D3, RmD2D3, RmDlD2D3) were made by using phage M12-mediated transduction (28) . To verify these constructions, four transductants from each experiment were screened by Southern blotting and hybridization using pNodD1, ColEl::TnS, pAgRR4 (trimethoprim), and pHP45 (spectinomycin) as hybridization probes (data not shown).
Nodulation Assays. Plant tests with alfalfa and sweet clover were done as described in the legend to Fig. 3 . To optimize nodulation conditions, the amount of wild-type inoculum (Rm1021) was varied over a range of 5 x 102 to 108 cells per plant. When 5 x 102 to 4 x 106 wild-type bacteria were inoculated onto alfalfa, nodules began to appear after 5 days. By 13 days, >90% of the plants had one or more nodules. Sweet clover nodules appeared earliest on plants inoculated with 5 x 102 to 104 wild-type bacteria.
In an initial experiment, the eight strains carrying the two different nodD3 alleles (nodD3::sp/g-1 and nodD3::sp/g-2) were tested along with wild-type RmlO21 on alfalfa and sweet clover plants. The nodD3-1 mutation showed a more severe phenotype, whereas the nodD3-2 mutation showed a partially defective phenotype. The RmDlD2D3-1 mutant was completely Nod-on both hosts, and the RmDlD2D3-2 mutant still nodulated. Therefore, the nodD3-1 mutation was used in the experiments that follow.
RESULTS

R. meliloti pSym Contains Two Genes Homologous to nodD.
The R. meliloti nodD gene (nodDj) is directly upstream of nodABC in strains RmlO21 and Rm4l (two independent wild-type isolates) and is located on 8.7-and 8.5-kb EcoRI restriction fragments, respectively (Fig. 1) . A 32P-labeled plasmid (pNodD1) carrying the coding sequences of nodD, (6) was used to probe a Southern blot ofEcoRI-digested genomic DNA from RmlO21 and Rm4l. Two hybridization bands, in addition to the one carrying nodDj, were observed in each strain. In RmlO21, these were 15.5 and 6.8 kb, whereas the additional hybridization bands in Rm4l were 12 and 14 kb (Fig. 2) .
To determine whether the nodD1-homologous sequences in RmlO21 were located in the nod/nif region of pRmeSU47a, a nodD, probe was hybridized to a Southern blot containing EcoRI-digested DNA from three R. meliloti strains containing deletions in the nod/nif region (Rm3600, RmGMI255, RmGMI963; see Fig. 1 ). In addition, the nodD1 probe was hybridized to plasmid pGMI467 DNA, which contains a 30-kb insert ofR meliloti pRmeSU47a DNA originating -80 kb upstream of nodD, (Fig. 1) . The results (shown in Fig. 2 and illustrated in Fig. 1 ) showed that the 6.8-and 15.5-kb EcoRI nodD homologous fragments in RmlO21 map within 80 kb of nodD1. We designated the nodD1 homologous regions in the 6.8-kb and 15.5-kb EcoRI fragments nodD2 and nodD3, respectively. In additional hybridization experiments (data not shown), nodD2 was mapped to a 1.5-kb EcoRI-HindIII segment within the central 6.8-kb EcoRI fragment (Fig. 1) (Fig. 3A) Interestingly, different results were obtained when the same mutants were used to inoculate sweet clover. The four mutants, nodD,, nodD1-nodD2, nodD3, and nodD2-nodD3, all exhibited the same 2-to 3-day delay in nodulation. In contrast to alfalfa, no nodules were formed on sweet clover roots after inoculation with double nodD1-nodD3 mutant, although a "browning response" was observed and 10% of the plants had root bumps after 5 weeks.
DISCUSSION
In several Rhizobium species, four common nodulation genes (nodA, nodB, nodC, nodD) are required for the induction of nodule meristems (5) (6) (7) (8) . Recently, several laboratories have shown that the nodD product is required for activation of the nodABC operon in the presence of root exudates or specific flavones or flavanones (11, 13) . One possibility is that the nodD product interacts with specific root exudate molecules.
As shown in this paper, in contrast to R. leguminosarum and R. trifolii, R. meliloti has three copies of nodD that are located within an 80-kb region of the pRmeSU47a megaplasmid. We have designated the originally described nodD gene as nodD, and the other two copies as nodD2 and nodD3.
Southern blot and sequence analysis (of the nodD2 gene; M.A.H., unpublished data) showed that the R. meliloti nodD2 and nodD3 genes are highly homologous to nodD,. 
